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CONTACT HOLE PROFILE AND LINE EDGE WIDTH METROLOGY 
FOR CRITICAL IMAGE CONTROL AND FEEDBACK OF 
LITHOGRAPHIC FOCUS 

DESCRIPTION 

Field of the Invention 

The present invention broadly relates to an improvement in wafer semiconductor printing 
in the field of photolithography. More particularly, it relates to a method of maintaining 
optimum focus through a process control system that uses a control algorithm translating 
Critical Dimension (CD) and line edge width measurements into a corresponding focus 
adjustment which is fed back to an exposure tool. 

Background of the Invention 

In the field of integrated circuits (ICs), photolithography is used to transfer patterns, i.e. 
images, from a mask containing circuit-design information to thin films on the surface of 
a substrate, e.g. Si wafer. The pattern transfer is accomplished with a photoresist (e.g., an 
ultraviolet light-sensitive organic polymer). In a typical image transfer process, a 
substrate that is coated with a photoresist is illuminated through a mask and the mask 
pattern is transferred to the photoresist by chemical developers. Further pattern transfer is 
accomplished using a chemical etchant. In current technologies, this masking process 
usually is repeated multiple times in the fabrication of an integrated circuit. 

Fig. 1 illustrates a typical photolithographic processing (fab) environment comprising a 
mask 1 10, a stepper device 120 with lens 130 through which the exposure energy 140 is 
focused on a wafer 150 coated with a photoresist 160. 
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It is well known in the field of photolithography that Critical Dimension may change as a 
result of either effective exposure or tool focus. Prior art tool focus control monitoring 
and feed back is achieved by imaging a specific image design on non-patterned test 
wafers with individual exposure fields stepped through a range of z focus. It is a well 
known practice to define the center of the focus step range yielding the best image CD 
stability as the nominal tool focus. This image stability has, in the past, either been 
subjectively determined by reading focus "dots" under a microscope or by measuring a 
change in 2 dimensional line width on a pattern such as a photoresist chevron or 
measuring the foreshortening of a series of lines and spaces. The result of this prior art 
method is that an offset from this nominal tool focus to product focus of a specific 
masking level must be controlled by implementing a table of run rules, as shown in Fig. 
13. In the table of run rules, the focus 1370, default exposure 1360, are related to the tool 
1310, technology 1 320, wafer part number 1 330 and process 1 340. Under the prior art 
method, the optimal product focus offset is a fixed offset. It is well known in the 
industry, however, that for a given photolithographic exposure tool, there is variability of 
nominal tool focus. Thus, optimal product focus offset is variable as a result of the 
inherent tool focus variation. This prior art technique has thus required that two 
dimensional critical dimension be monitored on product masking levels so that shifts in 
CD are compensated for by feeding back a change in dose to the exposure tool. As 
discussed below, the related art has not solved the problem of real time variation in 
optimal product focus offset due to photolithographic exposure tool nominal focus 
instability. 

A related art technique for across field dimensional control in a microlithography tool is 
described in Borodovsky (U.S. Patent No. 6,021,009) which is directed to a lithography 
tool adjustment method through which light intensity is varied to reduce line width 
variations. This process however, does not measure critical features to determine a z 
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focus parameter, nor does it differentiate between feature error components due to focus 
shift and other process factors. 

Another related art method is described in Lai (U.S. Patent No. 6,190,810 Bl) which 
utilizes a single spot laser focusing system in which the laser light spot is always 
positioned between a series of registration marks. However, Lai does not teach the use of 
critical design features, i.e. line edge width (EW) and contact hole profile, for z focus 
control. 

Another related art technique described in Marchman (U.S. Patent No. 5,656,182) utilizes 
feedback control, however, Marchman does not address attainment of the optimum CD, 
given tool configuration, calibration, and specification values. Rather it merely performs 
stage position control as a function of the latent image produced in the substrate. 

A further related art technique described in Tadayoshi (JP 6294625 A) discloses a laser 
beam microscope means for determining the dimensions and profile of a resist pattern but 
does not disclose analysis of the profile information for z focus control of a 
photolithographic exposure tool. 

Similarly, a related art technique described in Atsushi (JP 1 1 1 86132 A) discloses resist 
pattern width measurements to determine an allowable exposure dose range. This 
disclosure, however does not address the issue of using 3 dimensional resist 
measurements to feedback a focus bias or to differentiate between a lithography tool 
focus shift and other process factors. 

While the technique of using feedback control using 2 dimensional metrology to 
overcome a shift in critical dimension due to exposure variation is known in the art, there 
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5 remains a need in the art for the capability to compensate for tool focus variation directly 
on product. 

It would thus be highly desirable to provide a system and method for independently 
controlling the variation in optimal product focus offset due to instability in the 
10 photolithographic exposure tool, thus obviating the above-mentioned drawbacks of 
related art techniques. 

It would be further highly desirable to provide a system and method of compensating for 
variation in optimal product focus offset, i.e., correcting focus errors, of a 
y t 1 5 photolithographic exposure tool implementing a production or similar reticle, using a 

P production wafer, and particularly, a system and method that provides CD control by 

C3 

\j successfully predicting z focus and x and y tilt, while isolating the focus control in the 

f$ exposure tool from other factors. 
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20 SUMMARY OF THE INVENTION 

Therefore, it is an object of the present invention to provide a photolithographic system 
and method that provides for focus feedback corrections independently of dose to 
maintain critical dimension control. 

25 

Another object of the present invention is to provide the capability for determining 
directly on a product image if a change in monitored CD is a function of lithography tool 
z focus shift, x/y tilt shift, or a change in effective exposure or resist sensitivity. 

30 A further object of the present invention is to provide the capability for correcting 
lithographic z focus variation and/or x/y tilt shifts when detected. 
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These and other objects and advantages may be obtained in the present invention by 
providing a method for monitoring 3-dimensional contact hole profile changes and 
3 -dimensional line Edge Width (EW) changes in a photo sensitive film and feeding back 
compensatory exposure tool focus/tilt corrections to maintain a stable lithographic 
process. 

Specifically, according to a first aspect of the invention, there is provided a method of 
controlling focus and x/tilt errors of a photolithographic exposure tool which comprises:: 
making feature measurements of three dimensional profile changes in a photosensitive 
resist; storing the feature measurements; generating a function defining a relationship 
between the feature measurements and focus of the photolithographic exposure tool; and, 
computing from the function a best profile. The method may also be implemented in a 
system comprising the photolithographic exposure tool and computer. 

s 

Additionally, the present invention uses empirically derived relationships with 3 
dimensional feature measurements for z focus and x/y tilt control. The offset between 
nominal tool focus and product best focus for a specific masking level is hereinafter 
referred to as optimal product focus offset. Moreover, this optimum product focus offset 
per level varies with parameters such as the masking level, specific resist and arc 
thickness, exposure illumination type and reticle design (Chrome On Glass, i.e., COG vs. 
Attenuating Phase Shift Mask, i.e., ATPSM, etc). 

According to another aspect of the invention, there is provided a system and method 
comprising the steps of: making feature measurements of three dimensional profile 
changes in a photosensitive resist; storing the measurements; generating a function which 
defines a relationship between the feature measurements and the focus of the 
photolithographic exposure tool; and, computing from said function x/y tilt values 
wherein the x/y tilt values are used to control the exposure tool thereby achieving an 
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optimum x/y tilt offset. The wafer is then printed at the optimal product focus offset and 
optimum x/y tilt offsets determined by the inventive steps, thereby improving critical 
product image quality. 

Brief Description of the Drawings 

The present invention, which provides a method of photolithographic exposure tool 
focus, will now be described in more detail by referring to the drawings that accompany 
the present application. It is noted that in the accompanying drawings like reference 
numerals are used for describing like and corresponding elements thereof. 

Fig. 1 depicts the main components of a typical photolithographic processing system to 
which the present invention is directed; 

Fig. 1 A illustrates a functional block diagram for calibration using a preferred 
implementation of the present invention in the manufacturing set up phase; 

Fig. IB shows a functional block diagram for z focus and x/y tilt calculation using a 
preferred implementation of the present invention in the manufacturing phase; 

Fig. 1C shows scanning electron microscope (SEM) micrographs of exposure fields with 
critical features, i.e. 3d line edge width and 3d contact hole profile for focus metrology; 

Fig. ID is a graphic plot illustrating the Maze Line resist line width versus focus plot for 
various exposures, Maze Line is a term which denotes a specific line / space pattern; 

Fig. 2 illustrates the contact dimension (space) change with focus and/or exposure; 
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Fig. 3 illustrates the graph of profile change vs. focus, i.e., resist line edge versus focus 
obtained by measuring a 3 dimensional change in resist profile at a fixed dose for 
nominal CD; 

Fig. 4 shows the alternative 3 dimensional measurement for contact hole vs. focus 
tracking plotted at several different exposures, i.e. the profile measurement in an image 
contact; 

Fig. 5 shows an independent measurement of focus, which is critical for tightening 
Across the Field Line width Variation (AFLV). The graph illustrates large changes in the 
average isolated line critical dimension depending on the location within the exposure 
field (Lower Left, Lower Right, Upper Left and Upper Right); 

Fig. 6 shows the large differences in edge width at each of the 4 positions (Lower Left, 
Lower Right, Upper Left and Upper Right); 

Fig.7 shows the line edge width vs. average upper, lower, left and right measurements 
for determining an actual X/Y tilt of the exposure field plane; 

Fig. 8 shows the empirically derived cubic equation representing a calibration plot from 
which the edge width number can be translated into an actual focus measurement; 

Fig. 9 shows X/Y exposure field tilt (Average Upper Focus, Average Right Focus, 
Average Lower Focus, Average Left Focus - horizontal axis) in terms of focus (vertical 
axis); 
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5 Fig. 1 0 shows the geometry for calculation of the y tilt for feedback to the exposure tool. 
A rotation of the figure clockwise by 90 degrees defines how the calculation of the x tilt 
should be performed; 

Fig. 1 1 shows the relationship between tool check center of focus vs. atmospheric, i.e. 
1 0 barometric pressure; 



Fig. 12 shows the relationship between edge width (EW) vs. atmospheric pressure; 
Fig. 13 illustrates a table of run rules, used in a prior art method for controlling focus; and 
Fig, 14 shows a computer controlled focus error control loop of the present invention. 
DETAILED DESCRIPTION OF THE INVENTION 



20 In the following description, the best profile computed from the function is defined to be 
the optimal product focus offset. In practice the best profile and optimal product focus 
offset may not be identical because of asymmetry of the overall process window, which 
|j results in a bias added to best profile in order to obtain optimal product focus offset. Z 

RJ focus errors measured using the first aspect of the invention are used to determine the 

25 change from the optimal product focus offset, which are then fed back to the exposure 
tool. 

In view of Fig. 1, a mask, i.e. reticle, 1 10, with critical design features representing a 
process and level for a target critical dimension is placed in a stepper tool 120. The 
30 stepper tool is used to project a design pattern 1 1 5 from the mask, i.e., reticle 1 1 0 onto 
and exposing a photoresist layer 160 that coats semiconductor wafer 150. A photoresist 
treated wafer, typically a focus expose matrix wafer is mounted on the tool in preparation 
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for various calibration field exposures. Field exposures are made across the rows and 
down the columns of the focus expose matrix wafer. Either during the field exposures, or 
after the field exposures have been completed, 3 dimensional profile measurements of the 
design features, which have been transferred to the resist, are made and recorded for data 
processing. 

Figure 1A, at steps 173-179 represents a functional diagram depicting the product 
manufacturing set up calibration as practiced by a preferred implementation of the 
present invention. The prior art calibration as shown in 172 uses Bossung plots along 
with two dimensional critical dimension measurements to determine an optimal product 
focus offset. The optimal product focus offset is determined by locating the flat points, 
i.e. minimum or maximum on the Bossung plots as shown in Figs. ID, 2, 3 and 4. As 
known in the art, Bossung plots may be used in the tool calibration process to determine a 
nominal CD or focus. The Bossung plot 190 of Fig. ID shows line CD as a function of 
focus for various exposure values. The Bossung plot 300 of Fig. 2 shows space 
dimension change as a function of focus over a range of exposure values. Note that in 
both the Fig. ID and Fig. 2 plots, the curves trend to a flat part, i.e. minimum 185 for Fig. 
ID and a maximum 320 for Fig. 2. From an inspection of either Bossung plot it is seen 
that this trend towards a minimum or maximum is independent of exposure levels. Either 
plot may be used to determine a nominal exposure by determining the flat part of the 
curves. Thus, in both Bossung plots, the flat part of the curves trend over a focus of - 
0.100|xm. That focus value being a nominal focus, i.e., optimal product focus offset, 
represents the center of the process window for the exposure tool. The exposure is then 
selected that yields the required critical dimension (CD) for the technology to .be 
processed on the wafer. For example, as shown in Fig. ID, at a focus of -O.lOOjxm, and- 
0.17 urn line CD, the energy level of 22.5 mj/cm 2 should be used as indicated at maze 
line 195. That is, the nominal focus is chosen by selecting the dose, i.e., exposure, giving 
the required critical dimension at a focus position with the flattest CD response to that 
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5 dose, for example, Fig. ID focus line at 185 and Fig. 2 focus line at 320. The deficiency 
in this prior art technique is that it does not include a calibration method that can be used 
against measurements made on product, i.e., a production wafer, during the production 
phase to correct for tool focus variability. The inventive method of steps 173-179 
overcome this problem by providing a calibration tool against which three dimensional 

10 feature measurements, e.g., edge width or contact hole profile, made on product during 
the production phase may be used to correct tool focus errors with respect to the optimal 
product focus offset. Fig. 1C depicts the variety of ways a line EW or contact hole 
profile measurement is taken. As shown in Fig. 1C i) an in focus imaged resist line 
scanned by a scanning electron microscope (SEM) reveals a relatively small line edge 

15 width 162 compared to the cross sectional line width 161 of the scanned line. At Fig. 1C 

C3 ii) the defocus is revealed by a relatively large edge width 163 vs. the cross sectional line 

Q 

\j width 164 of the scanned line. As shown in Fig. 1C iii) an in focus imaged resist hole is 

shown to have a steep profile 165 going from the top to bottom of the hole, and in Fig. 
1C iv), the defocused imaged resist hole has a relatively shallow top to bottom profile 
20 grade 166. As shown in Fig.3, indicated by line 330, the location of optimal product 
focus offset can be identified on the line edgewidth versus focus curve, in which the 
relationship is sensitive to focus, but is independent of exposure dose. 

This independence from exposure level can be used to determine whether a change in 
25 critical dimension is the result of exposure variations or tool variations, such as focus or 
x/y tilt. For example, if the 3D profile shows little or no change across extreme field site 
measurements, while 2D critical dimension has significantly greater change, then that 
change is attributable to exposure variations and may be adjusted accordingly. Otherwise, 
if a significant change in, for example, line edge width (a 3D independent measurement 
30 of focus) is observed across extreme field site measurements, then an appropriate focus 
adjustment may be made. Although the 3 dimensional measurements such as line edge 
width or contact hole profile represent independent measurements of tool focus, it has 
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been shown that minimizing across field variation in edge width or contact hole profile 
also lowers the overall range of the critical dimensions, thereby additionally improving 
across the field line width variations (AFLV). 

Figures 5 and 6 show the relationship between CD and EW for the extreme positions in 
the exposure field. It is observed that, for example as shown in Fig. 6, the right field line 
edge width variation at 604 and 602 is smaller than the left field line edge width variation 
at 603 and 601 . As shown in Fig 5 the right field CD variation at 504 and 502 is smaller 
than the left field CD variation at 503 and 501 . Thus the CD variations correlate with the 
EW variations, and selecting focus and tilt values that minimize EW variations, as is done 
in the present invention, results in an across field improvement in CD. 

Returning to Fig. 1A at steps 173 through 179, the steps as discussed below may be 
performed by a suitably programmed computer. As shown at step 173, for a given 
masking level, resist, arc thickness, exposure illumination type and reticle design, a focus 
exposure wafer is created under varying focus and exposure energy conditions across the 
wafer. Edge width (EW) is then measured for each focus/exposure condition or variant at 
step 174. EW vs. focus for each exposure level is then plotted at step 175. A nominal 
exposure, i.e., nominal energy level, is selected. This nominal exposure may be 
determined from a Bossung plot such as shown in either Fig. ID or Fig. 2. Alternatively, 
the nominal exposure may be determined from a table of run rules such as illustrated in 
column 1360 of Fig. 13. Once the nominal exposure, i.e. default exposure level, has been 
selected, edge width vs. focus data at that nominal exposure level may be extracted from 
the recorded measurement data. Thus, a plot of edge width (EW) vs. focus, for each 
exposure level is created from the data collected and plotted at steps 174, 175. At step 
176, a curve which corresponds to the default exposure level is fitted to the plot of step 
175. This curve, known as a calibration curve, may be determined by using well known 
mathematical techniques, such as a least squares polynomial method, and results in a 

BUR920010128US1 11 



• t 



function comprising at least a 3 order, e.g., cubic equation. At step 177 an inflection 
point of the calibration curve is then located where the second derivative of the function 
is equal to zero. This point denotes the best profile for the critical feature, as shown in 
step 178. As shown in step 179, the best profile corresponds with and is equal to the prior 
art calculated optimal product focus offset discussed above. Referring now to Fig. 8, 
therein is illustrated a representative calibration curve 805 with its respective inflection 
point 806 fitted to the raw data points 802. Mathematically, the inflection point 806 is 
found by solving the equation, y"= 0 (where the function y = Ax 3 +Bx 2 +Cx + D, 
represents the calibration curve, and necessarily, y" = 6Ax + 2B). Thus, solving the 
equation 6Ax + 2B = 0 for x, where x = -1/3(B/A), results in the best profile, i.e., 
optimal product focus offset. The edge width corresponding to optimal product focus 
offset is then located on the calibration curve in Fig. 8. This value of edge width 
represents the target EW for a particular photolithographic exposure tool and process. 
Note that the optimal product focus offset, as calculated by the preferred implementation 
of the present invention is based on the empirical relationship between EW and tool focus 
offset, i.e. the calibration curve 805 created as shown in Fig. 8. Additionally, the 
calibration curve 805 may be used along with three dimensional measurements made on 
product, i.e., a production wafer, during manufacturing to determine a measured focus 
which, if different from the optimal product focus offset, represents a bias from the 
optimal product focus offset which may then be fedback to the photolithographic 
exposure tool, correcting z focus for a future lot of product. 

Figure IB is a functional diagram depicting the product manufacturing process steps 200- 
210 of the present invention. All of the subsequent steps discussed below may be 
performed manually, or automatically by a suitably programmed computer. As shown in 
Fig. IB at step 200, EW and CD measurements are taken at multiple points across the 
exposure field for a specific feature type, e.g., line or contact hole. Measurement data is 
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collected and grouped by process and lithography tool as indicated at step 201. A 
database may be used to store this measurement data. 

At step 202, a calculated average left EW and average right EW is used as an EW point 
for a given focus. This represents an average edge width by exposure field. At step 203 a 
z focus, Zm, i.e., a measured focus, is determined from the average measurements of 
step 202. The EW vs. focus, i.e., calibration curve (805 Fig. 8) is used for this 
determination. The average EW corresponding to step 202 is located on the calibration 
curve, the corresponding focus is the measured focus, Zm. Because the calibration curve 
is independent from exposure dose variations, any difference, i.e., bias, of Zm from the 
optimal product focus offset at step 179, Fig. 1 A, represents a tool focus variation which 
should be corrected. This bias, referred to as Zbias, is calculated at step 204. If the bias 
exceeds a predetermined number, then the current job, i.e., lot under which the 
measurements 200 were taken is reworked at step 210. Otherwise Zbias is fedback as a z 
focus correction to the lithographic tool for application to subsequent process lots at step 
205. 

In a preferred embodiment, this calculation is carried out by computer (Fig. 14, 1410), 
typically the same computer that manages the data collection, data storage, plotting and 
curve fitting discussed above. 

In a similar manner, the preferred implementation of he present invention calculates, then 
applies x/y tilt corrections to a photolithographic exposure tool. As shown in Figs. 7 and 
9, the relationship between average upper focus 901 and average lower focus 902 
corresponds to the relationship between average upper EW 701 and average lower EW 
702, and may be used to derive a y-axis or "y" tilt. Similarly, the relationship between 
average right focus 904 and average left focus 903 corresponds to the relationship 
between average right EW 703 and average left EW 704 and may be used to derive an x- 
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axis or "x" tilt. Referring to Fig. IB at steps 206 through 209, it is shown that in a similar 
manner as described herein, the x/y tilt may be optimized by using the 3D profile 
measurement changes vs. extreme exposure field positions and, a trigonometric 
relationship between the measurements and exposure field positions. Assuming that the 
measurement, grouping and storing steps of Fig. IB at steps 200, 201 have already been 
performed, the changes in edge width in the x direction corresponding to right - left edge 
width changes are calculated at step 206, and the changes in edge width in the y direction 
corresponding to upper - lower edge width changes are calculated at step 207. As shown 
in Fig. 7, these measurements are then averaged to include an average upper EW, an 
average lower EW, an average left EW, and an average right EW to aid in determining an 
actual x/y tilt of the exposure field plane. In Fig.lB at step 208, the average EW's of Fig. 
7 are then used in conjunction with the edge width vs. focus calibration curve of Fig. 8 to 
derive an average upper focus, average lower focus, average right focus, and average left 
focus. 

Referring now to Fig. 1 B at step 209, and Fig, 1 0, focus tilt values 9 X , and 9 y are 
calculated. Since variables D y , the distance between the upper measurement site and the 
lower measurement site, F2 y , the average upper focus, and Fl y , the average lower focus 
are known, a trigonometric relationship 905 such as that illustrated in Fig. 10, is applied 
to calculate the angle, 9 y of the y tilt which is arctan y/x, and which resolves to: 

8 y = arctan((F2 y - Fl y )/D y )*(Pi/180)*lE6 microradians. 
Similarly, by a 90° rotation of the trigonometric relation 905 in Fig. 10, the relationship 
arctan y/x is maintained for the angle, 9 X of the x tilt, and is calculated from D x , the 
known distance between the left and right measurement sites, F2 X , the average right 
focus, and Fl x , the average left focus as follows: 



9 X = arctan((F2 x - Fl x )/D x )*(Pi/180)*lE6 microradians. 
BUR920010128US1 14 
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For both 9 X , and 8 y the (Pi/180)*1E6 factor is used to convert the 9 angles from degrees 
to microradians, a common unit of measurement used in exposure tools. 

Returning to Fig. IB, at step 210, similar to the check for Zbias, a check of the tilt offsets, 
0 X , and 9 y is performed. If any of these values are outside of a predetermined limit, 
further adjustments are halted and the job is flagged for rework. 

The preferred methods of the present invention can also be used to indicate problems 
with the focusing system on a photolithographic exposure tool. For example, if the 
focusing system on a malfunctioning tool is not properly compensating for changes in the 
barometric pressure, such an error can be seen in the standard tool focus checks on 
monitor wafers as a change in z focus with barometric pressure. As shown in Fig. 11, 
linear regression of the raw data points 1 101 of this z focus change with barometric 
pressure yields the relationship indicated by line 1 102. Additionally, 3D line edge width 
measurements can also detect the problem on standard product measurements as 
indicated by points 1201 in Fig. 12, where Edge width varies as a function of barometric 
pressure. Linear Regression, line 1202, indicates the edge width varying as a function of 
barometric pressure. The use of EW vs. pressure trend for a tool check center of focus 
results in an advantage over standard monitor tool checks because the mean time to detect' 
a problem is smaller with the EW technique. 

A computer with non- volatile, i.e. hard drive, storage capability 1410 is provided for 
performing profile and line edge calculations required to produce z focus and x/y tilt 
settings. The storage is used for maintaining a database 1460 with the relevant across 
field line width variation information stored therein, including but not limited to Lower 
Left, Lower Right, Upper Left, and Upper Right imaged photoresist critical dimensions. 
Additionally Average Upper EW, Average Lower EW, Average Right EW, and Average 
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5 Left EW are computed and stored for data processing which will result in an actual x/y 
tilt of the exposure field plane. The computer calculates and stores an empirically derived 
equation from which the edge width number is translated into an actual focus 
measurement. 
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10 Thus, the preferred method of the present invention can achieve target CD by measuring 
line edge width and contact hole space variations in resist profile, then relating the 
variations to changes in focus wherein a function is defined for computing a focus 
correction thereby allowing feed back of the focus correction to the stepper tool being 
used. 

15 

While this invention has been particularly shown and described with respect to preferred 
embodiments thereof, it will be understood by those skilled in the art that the foregoing 
and other changes in form and detail may be made without departing from the spirit and 
scope of the present invention. It is therefore intended that the present invention not be 
20 limited to the exact forms described and illustrated, but fall within the scope of the 
appended claims. 
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